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Background and aim: A shutdown of businesses enacted during the SARS-CoV-2 pandemic can serve
different goals, e.g., preventing the intensive care unit (ICU) capacity from being overwhelmed (‘flattening
the curve’) or keeping the reproduction number substantially below one (‘squashing the curve’). The
aim of this study was to determine the clinical and economic value of a shutdown that is successful in
‘flattening’ or ‘squashing the curve’ in Germany.

Methods: In the base case, the study compared a successful shutdown to a worst-case scenario with no

Iég{/”;’gt‘:; ICU capacity left to treat COVID-19 patients. To this end, a decision model was developed using, e.g.,
Economic value information on age-specific fatality rates, ICU outcomes, and the herd protection threshold. The value
Germany of an additional life year was borrowed from new, innovative oncological drugs, as cancer reflects a
Shutdown condition with a similar morbidity and mortality burden in the general population in the short term as

COVID-19.
Results: A shutdown that is successful in ‘flattening the curve’ is projected to yield an average health gain
between 0.01 and 0.05 life years (0.1 to 0.6 months) per capita in the German population. The correspond-
ing economic value ranges between €616 and €4797 per capita or, extrapolated to the total population,
1%-12% of the gross domestic product (GDP) in 2019. A shutdown that is successful in ‘squashing the
curve’ is expected to yield a minimum health gain of 0.08 life years (1 month) per capita, corresponding
to 19 % of the GDP in 2019. Results are particularly sensitive to mortality data and the prevalence of
undetected cases.
Conclusion: A successful shutdown is forecasted to yield a considerable gain in life years in the Ger-
man population. Nevertheless, questions around the affordability and underfunding of other parts of the
healthcare system emerge.

© 2020 Board of Trustees of the University of Illinois. Published by Elsevier Inc. All rights reserved.

1. Introduction deaths of COVID-19 patients attributable to concomitant diseases.

The median age of death was 82 years on August 13, 2020 (Robert

Coronavirus disease 2019 (COVID-19) is an infectious disease
caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). A SARS-CoV-2 outbreak was identified first in Wuhan,
Hubei, China, in December 2019. The SARS-CoV-2 epidemic was
recognized as a pandemic (a worldwide spread of a new disease
(World Health Organization, 2010) by the World Health Organi-
zation (WHO) on March 11, 2020. It was confirmed to have been
transmitted to Germany on January 27, 2020. As of August 13,2020,
the number of reported COVID-19 cases in Germany is 219,964,
while the case fatality rate (CFR) is 4.2 %. The latter may present
an overestimate due to undiagnosed cases in the population and
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Koch Institut, 2020).

The German federal government and the German federal states
initially responded with travel restrictions and the closures of
schools, universities, restaurants, cafes, bars, and other public and
private entities. Although some restrictions have been lifted in the
meantime, others remain in place. In Germany, the initial purpose
of the shutdown of businesses was to postpone the pandemic waves
(‘flatten the curve’) to avoid overstretching intensive care capacity
at the time of peak demand (cf. Organisation for Economic Co-
operation & Development, 2020b). Hence, intensive care capacity
presents a critical bottleneck in responding to the pandemic. ‘Flat-
tening the curve’ may buy time to expand health and intensive care
capacities as well as to develop and test new vaccines, monoclonal
antibodies, or drugs. The process of developing, approving, and dis-
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tributing a vaccine may take until the end of2021 evenin the United
States (U.S.) (CNN) . Moreover, there is a “race” to find COVID-
19 treatments by repurposing drugs that are already approved for
other diseases and have acceptable safety profiles (Kupferschmidt
& Cohen, 2020). Given the necessary time lag, however, ‘flattening
the curve’ may only be able to halt the epidemic by achieving herd
immunity through natural infection and not through vaccination.

A more rigorous strategy than ‘flattening the curve’ is stopping
or ‘squashing’ the curve. This strategy, which has been pursued
in Germany for the past months, aims at suppressing the pan-
demic, by bringing the reproduction number (the average number
of secondary infections due to a single primary infected person)
(substantially) below 1, until an effective vaccine or treatment
becomes available (cf. Organisation for Economic Co-operation &
Development, 2020b).

As a result of the SARS-CoV-2 pandemic and the governmen-
tal response, the German economy is being hit by a combined
supply and demand shock (Bundesministerium fiir Wirtschaft und
Energie, 2020). Trade-offs between protecting lives and revitalizing
the economy thus seem inevitable. Therefore, the purpose of this
study is to determine the clinical and economic value of minimiz-
ing the number of life years lost due to the SARS-CoV-2 pandemic
in Germany. While [ will refer specifically to a ‘shutdown’ in the fol-
lowing, COVID-19 containment measures go beyond a shutdown of
businesses and include tracking, testing, public mask-wearing, and
other measures that are largely independent of a shutdown. The
study takes an ex-ante viewpoint, i.e., before a potential surge of
COVID-19 cases in further pandemic waves possibly overstretches
ICU capacity. I determine the clinical and economic value both of
‘squashing’ and ‘flattening’ the curve, thus assuming, respectively,
that a new vaccine will and will not be available before herd immu-
nity through natural infection is achieved. Hence, while ‘flattening
the curve’ slows the spread of SARS-CoV-2 infections and hence
prevents a sharp increase in the number of new COVID-19 cases, it
is not assumed to prevent herd immunity through natural infection
(cf. Avery, Bossert, Clark, Ellison, & Ellison, 2020). As the study does
not analyze specific subgroups of the population but the population
in aggregate, minimizing the number of life years lost by ‘flattening
the curve’ thus effectively translates into minimizing lives lost as
well as minimizing the CFR at the time of herd immunity. More-
over, when ‘flattening the curve’ the economic value of minimizing
the number of life years lost corresponds to the maximum eco-
nomic value of a shutdown that is 100 % effective at preventing an
overstretch of ICU capacity (because a successful shutdown leads
to a minimization of lives lost and life years lost). Hence, under
a scenario in which the spread of the virus in the population is
unavoidable, a shutdown that is successful in ‘flattening the curve’
presents the best-case scenario. In contrast, when ‘squashing the
curve’, losses of life years and lives are minimized by reducing the
incidence of SARS-CoV-2 infections until the time a new vaccine
will be available.

As a comparator of a shutdown that is successful in ‘flattening’ or
‘squashing” the curve, I considered a scenario with no ICU capac-
ity left to treat COVID-19 patients. While this scenario presents
an extreme (worst) case, it is appropriate to determine the max-
imum health benefit of a successful shutdown and calculate the
maximum economic value of the shutdown. This allows a compar-
ison with actual and expected public spending during and after the
SARS-CoV-2 pandemic in Germany. In addition, for ‘flattening the
curve’ the study considers alternative scenarios with ICU capacity
being exceeded by varying amounts. These scenarios help assess
the maximum economic value of freeing up or adding ICU capacity
while ‘flattening the curve’.
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2. Methods
2.1. Life-table model

As a basis for the calculation of life years saved by a successful
shutdown and alternative scenarios, | developed a life-table model
to summarize the age-specific mortality impact of the SARS-CoV-2
pandemic. In order to account for an increase in mortality due to
the SARS-CoV-2 pandemic, | used two methodological approaches.
In the first,  multiplied the probabilities of survival given exposure
to SARS-CoV-2 with the probabilities of survival from competing
causes of death. This calculationrelies on an independence assump-
tion, implying that individuals not dying from COVID 19 have the
same probability of death as all individuals before the rise of the
pandemic. Given that patients who die from COVID 19 tend to have
more comorbidities (Wu & McGoogan, 2020), [ assumed a harvest-
ing effect in the second approach. This approach presumes that
those who die from COVID-19 are sicker and would have died any-
way(cf. Financial Times, 2020). In this scenario, I assumed for age
groups with excess mortality associated with COVID-19 (the dif-
ference between observed and pre-pandemic mortality rates) that
except for COVID-19, there are no other causes of death in the
forthcoming 12 months. This is compatible with the notion that
COVID-19 may be “the cause of all fatalities” (Centre for Evidence-
Based Medicine, 2020). It also implies that those who do not die
from COVID-19 despite being infected represent a healthier popu-
lation.

Assuming that deaths occur, on average, halfway at each age,
I took the average of the number of people at the start and end
of the age interval to estimate state membership (cf. Barendregt,
2009). To calculate life-expectancy gains of a successful shutdown
and alternative scenarios, I determined the cumulative probability
of an individual at age i of surviving until age j (i.e., the product of
age-specific survival probabilities up to age j) as obtained from the
life table. I took the sum over all ages j, thus obtaining the remain-
ing life expectancy of an individual at age i. The remaining life
expectancy needs to be interpreted as a hypothetical measure that
summarizes the age-specific death rates in a population exposed
to SARS-CoV-2. I determined the difference between a success-
ful shutdown (and alternative scenarios) and no intervention, thus
obtaining the incremental number of life years gained. To account
for the age distribution of the population, I weighted age-specific
life-expectancy gains by age-specific population sizes. [ performed
all calculations for men and women separately and then aggregated
the results.

As updating the probabilities of survival in the life table and
calculating the remaining life expectancy yields the remaining
life expectancy (and associated loss) with lifelong exposure to
SARS-CoV-2 (as opposed to a one-time exposure), it was adjusted
accordingly. To this end, I distributed the age- and gender-specific
loss in life expectancy over the age-specific remaining lifetime
before the pandemic by dividing the two variables and then
aggregated the resulting figures across age and gender by the cor-
responding population sizes. To arrive at the per capita gain in
health benefits, I multiplied the resulting figure by the proportion of
the population that has recovered from COVID-19 to provide herd
immunity. In a sensitivity analysis, I considered a scenario in which
avaccine arrives before herd immunity is achieved through natural
infection.

I did not discount health benefits because the reported sur-
vival benefits from cancer treatment (see below), which are used
to determine the economic value of a life year, were undiscounted
as well.
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2.2. Scenario analysis

In the scenarios with insufficient ICU capacity, 90 % of patients
barred from admission to the ICU were assumed to die in the base
case (see Data). However, even with sufficient ICU capacity patients
face a probability of death both in the ICU and post discharge. The
resulting mortality is considered to be unavoidable (with currently
available treatments) and, hence, cancels out in the estimate of
life years associated with a shutdown that is successful in ‘flatten-
ing the curve’ versus no intervention. More specifically, [ assumed
that fatality in the ICU is already reflected in the CFR reported for
Germany before the occurrence of the pandemic peak. Hence, |
only added the fatality one year after discharge (multiplied by the
proportion of the population admitted to the ICU) to the currently
reported population CFR.

I considered 4 scenarios with varying degrees of insufficient
ICU capacity. To determine the corresponding loss of life years
compared to the situation before the pandemic, I calculated a
weighted-average loss of life years per capita in each scenario, with
weights reflecting the proportions of patients admitted to the ICU
and refused admission. These weights were multiplied by the aver-
age loss of life years when all patients with indication for the ICU are
admitted and refused admission. Of note, the excess demand for ICU
beds available during the crisis refers to the average demand and
not the peak demand at the height of the SARS-CoV-2 pandemic.

Finally, I analyzed a scenario based on the idea of ‘squashing the
curve’. To this end, I applied the mortality data before the pandemic
and calculated the difference in life years gained compared to no
intervention. The calculation is equivalent to adding the absolute
loss of life years associated with a shutdown that is successful in
‘flattening the curve’ to the gain in life years of the latter compared
to no intervention.

2.3. Sensitivity analysis

In one-way deterministic analyses, I assessed parameter uncer-
tainty by varying the input parameters that are subject to variation
one at a time.

2.4. Valuation of life years

Given the absence of an official cost-effectiveness threshold and
lack of value-based prices for treatments of COVID-19 patients in
Germany, which may allow deriving the willingness to pay for an
effective shutdown (cf. Gandjour, 2020), I borrowed the willing-
ness to pay from the cost-effectiveness ratio of new, innovative
cancer drugs. In Germany, the prices of new, innovative drugs
are subject to negotiation between manufacturers and represen-
tatives of statutory health insurance (SHI). Negotiated list prices
hold for all German citizens, including those covered by private
insurance. From the perspective of an average citizen, notable sim-
ilarities between COVID-19 and cancer exist. First, with regard to
the next 12 months (the earliest point in time a vaccine is expected
to become available), the expected death toll from cancer will fall
in a similar range as the death toll from COVID-19 if herd immunity
is achieved through natural infection (approximately 223,000 peo-
ple in Germany died of cancer in 2016 (Robert Koch Institut, 2016)).
Hence, from the perspective of an average citizen, deaths from can-
cer will not be more remote than deaths from COVID-19. Therefore,
at the population level, both diseases seem to pose a similar threat
to life within the next 12 months. Based on this framework, beyond
the 12-month period there is no additional benefit of a vaccine for
COVID-19 because the maximum benefit of a vaccine is already
realized by avoiding the death toll from natural infection in the
forthcoming 12 months.
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Moreover, from the perspective of an average citizen, the prob-
ability of being affected by a severe disease in the next 12 months is
also comparable. Approximately 1.6 million Germans suffer from
cancer (diagnosed within the past 5 years), while the number of
COVID-19 cases expected to require ICU treatment! within the
next 12 months under ‘flattening the curve’ is 3.7 million (bear-
ing in mind that this is likely to present an overestimate due to a
high number of undetected cases (Streeck, Schulte, & Kuemmerer,
2020). In addition, for both diseases, the vast majority of people is
not expected to suffer.>2 While the time from diagnosis to death is
usually longer in the case of cancer, this should increase the value
of treating cancer rather than decreasing it. That is, the consider-
able loss in the quality of life that comes before death occurs on top
of the mortality burden itself. The relevance of a direct comparison
between COVID-19 and cancer for priority setting has been con-
firmed in two recent studies conducted in Germany and the U.S.
(Brunner, Stinner, Benz, & Griitzmann, 2020; Sud et al., 2020). Both
studies stress the importance of avoiding delays in cancer surgery
despite the need to treat hospitalized COVID-19 patients.

There are other reasons why the prices of new cancer drugs
provide an upper bound for the monetary value. They have been
controversially discussed in the public and are partly driven by the
costs of research and development. Furthermore, the average age
of death from cancer is lower (73 years (Robert Koch Institut, 2016)
versus 81 years in COVID-19).

Notably, the contingent-valuation method, which asks mem-
bers of a representative sample of the population for their
hypothetical willingness to pay, requires educating participants
about epidemiological concepts, such as excess mortality and com-
peting diseases, which are key for understanding the mortality
burden in COVID-19. That is, a survey cannot simply focus on
COVID-19 and ignore concomitant diseases. However, even if this
were feasible, contingent-valuation techniques, such as discrete
choice experiments, have not found their way into the official
drug assessment and pricing policy of pharmaceuticals in Germany,
despite being tested over many years and even in a perhaps less
controversial role, i.e., weighting the adverse events and desirable
outcomes of drugs. Therefore, it seems unlikely that a popula-
tion survey using a discrete choice experiment or an alternative
contingent-valuation technique could influence policymaking in
this crisis. Furthermore, politicians who are involved in current
policymaking accept the negotiation outcomes for pharmaceuti-
cals (otherwise, the negotiation process would be on the political
agenda). Hence, politicians may also have a more favorable view of
using the negotiation results for the purpose of putting a price tag
on the life years gained from the shutdown.

Given that the economic value would need to be compared
against the direct (non-)medical costs to treat COVID-19 patients
as well as the indirect costs secondary to productivity loss, the per-
spective of the analysis is inherently societal. Given the societal
perspective, I made the simplifying assumption that cancer drug
costs from the SHI perspective are equal to the drug costs from a
societal perspective. Strictly speaking, this does not hold partic-
ularly if manufacturers reside inside Germany. In the latter case,
drug expenditures need to be adjusted for producer surplus, as it
presents a gain in societal welfare (Garrison et al., 2010).

1 The number of COVID-19 hospitalizations is less reliable because it includes
quarantine as an indication.

2 This framework resembles that of Dworkin (1981), in which an “average mem-
ber of the community” (ibid., p. 297) behind a ‘thin’ veil of ignorance does not
know which handicaps he will eventually develop but does know the probability
of becoming handicapped. Using this framework does not necessitate, however,
to incorporate all constituents of Dworkin’s Theory of Equality and to accept the
resource allocation principles inferred from it.
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Table 1
Input data used in the base case and the sensitivity analysis.

Input Mean (range) Reference

Federal Office of Statistics
2019a,2019b

Probability of death by  see reference
age and gender in
Germany

Population size by age Federal Office of Statistics
2020a; Federal Office of
Statistics 2020b; Federal
Office of Statistics 2020c

Robert Koch Institut, 2020

see reference

CFR in Germany

Total population 0.042 (0.0036 - 0.042)

0-9 years 0.0001

10—19 years 0.0002

20—49 years 0.0011

50-69 years 0.0192

70-89 years 0.1953

90+ years 0.3135

Probability of ICU 0.065 (0.04 - 0.08) Robert Koch Institut, 2020
indication

CFR in the ICU 0.25(0.21 - 0.52) Adlhoch et al., 2019;
Arentz et al., 2020; Robert

Koch Institut, 2020

False-positive ICU 0.1(0.1-0.2) Abers & Musher, 2014
admissions

CFR one year post ICU  0.59 (0.47 - 0.73) Damuth et al., 2015
discharge

Herd protection 0.70 (0.60 - 0.70) Kwok, Lai, Wei, Wong, &
threshold Tang, 2020

ICU = intensive care unit, CFR = case fatality rate.

3. Data
3.1. Health benefits

The model input data are listed in Table 1.1 used the most recent
period life table of the German Federal Office of Statistics (2019a,
2019b), which incorporates the mortality data by age and gender
up to the age of 100 years (data are from 2016 to 2018). In addi-
tion, [ used data from the German Federal Office of Statistics on the
population size by age and gender up to the age of 100 years.

Data on overall case fatality in the German population and in 6
age groups as well as data on ICU fatality were obtained from the
Robert Koch Institut (2020). Data on 532 cases could not be classi-
fied by age. In a sensitivity analysis I applied the CFR from a recent
empirical study on 1000 people in one German district (Heinsberg),
which shows a rate of just 0.36 % (Streeck et al., 2020) and thus
suggests a high number of undetected cases in the national data.
I adjusted the percentage of patients admitted to the ICU accord-
ingly because a lower CFR also implies a lower percentage of cases
admitted to the ICU. The base-case admission rate to the ICU is 6.5
% (Robert Koch Institut, 2020). I assumed a 10 % rate of inappro-
priate (false positive) ICU admissions in the base case. A rate above
0% seems plausible given that “good clinical practice demands that
greater emphasis be placed on patient safety by limiting false neg-
atives” (Abers & Musher, 2014). This strategy comes at the risk of
excessive use of ICU facilities. Nevertheless, even a rate of 10 % has
been considered “exceptionally low” in a non—COVID-19 setting
(Abers & Musher, 2014). Therefore, I increased the rate to 20 % in a
sensitivity analysis.

In Germany, the fatality rate in the ICU for all COVID-19
patients is 25 % (Robert Koch Institut, 2020). Sixty-one percent
of patients currently being treated in the ICU due to COVID-19
receive mechanical ventilation (Robert Koch Institut, 2020). Given
that ICU survivors face an increased probability of death after dis-
charge, I added the difference between the ICU fatality rate and the
postdischarge fatality rate from another study (Damuth, Mitchell,
Bartock, Roberts, & Trzeciak, 2015) to the ICU fatality rate reported
by the Robert Koch Institut (2020). Data on the former source were
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obtained from a meta-analysis of international studies on critically
ill patients treated with prolonged mechanical ventilation (Damuth
etal., 2015).In this study, the pooled mortality at hospital discharge
was 29 % and thus is close to the rate reported for COVID-19 ICU
patients. The one-year mortality increased to 59 %. Nevertheless,
the meta-analysis may be criticized because the data are relatively
old (studies were published before November 2013) and hetero-
geneous in terms of outcomes. For example, the U.S. showed a
significantly higher mortality than the rest of the world. Neverthe-
less, the fact that the mortality at hospital discharge matches the
current data for COVID-19 patients seems to be a convincing argu-
ment in favor of incorporating this data from the meta-analysis. In
a sensitivity analysis, I incorporated the one-year CFRs reported for
the U.S. and the rest of the countries (73 % and 47 %, respectively).

Aconsiderable increase in mortality after hospital discharge was
confirmed in a recently published study on 21 COVID-19 patients
admitted to the ICU at a single center in Washington State (Arentz
et al.,, 2020). In this study CFR was 52 % at hospital discharge and
increased to 67 % 12 days after admission. In a sensitivity analy-
sis, I incorporated the CFR on the ICU from this study as an upper
bound. As the lower bound, I used data from an analysis of the
European Surveillance System (TESSy) database including 13,368
patients admitted to the ICU with laboratory confirmed influenza
virus infection between 2009 and 2017 (Adlhoch et al., 2019). In
this sample, 83 % of patients were ventilated, which is higher than
the current rate in Germany (61 %). The CFR was 21 %, based on
a median age of 59 years of admitted patients. Hence, the median
age was lower than the median age of death (82 years) currently
reported for Germany (Robert Koch Institut, 2020). Nevertheless, it
needs to be considered that in the SARS-CoV-2 pandemic a portion
of the very old patient population is less likely to be admitted to
the ICU and may die, e.g., in nursing homes.

3.2. Willingness to pay

In Germany, the annual treatment costs for new cancer drugs
launched between 2011 and 2015 and granted an additional bene-
fit by the German Federal Joint Committee are €65,854, on average
(Hammerschmidt, 2017). The average annual costs of compara-
tors are €26,102 (Hammerschmidt, 2017), resulting in incremental
costs of €39,751.

Information on the average incremental survival benefit was
taken from an analysis of all anticancer drugs launched in Germany
between 2011 and 2016 and granted an additional benefit by the
German Federal Joint Committee until June 2016. The analysis
shows a median incremental survival benefit of 4.7 months or 0.39
years (Storm, Greiner, & Witte, 2017). This result is similar to what
was found in an analysis of 58 anticancer drugs approved in the
U.S. between 1995 and 2013, showing an average incremental sur-
vival benefit of 0.46 years (Howard, Bach, Berndt, & Conti, 2015).
However, in both analyses, the incremental survival benefits are
underestimated because they are restricted to the trial period; i.e.,
they are not extrapolated beyond the trial period (strictly speaking,
this is the case only for 47 out of 58 drugs in the study by Howard
et al.; see also the Discussion).

Dividing incremental costs by the incremental survival benefit
yields €101,493 per life year gained (€39,751/0.39 life years).

4. Results
4.1. Health benefits
Based on the independence assumption of mortality rates, a

shutdown that is successful in ‘flattening the curve’ is projected
to yield a per-capita gain of 0.033 life years (0.4 months) at the
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ICU CFR

CFR one year post ICU discharge

% cases on the ICU

Population CFR

% false positive ICU admissions

Herd protection threshold

0.00 0.01

0.02

0.03 0.06

Life-years saved per capita

0.04 0.05

ICU = intensive care unit, CFR = case fatality rate

Fig. 1. Tornado diagram demonstrating the results of the one-way sensitivity analysis for a shutdown that is successful in ‘flattening the curve’ versus no intervention.
Variables are ordered by impact on the number of life years gained per capita. Numbers indicate upper and lower bounds. ICU = intensive care unit, CFR = case fatality rate.

Table 2

Life years and their monetarized value under different methodological assumptions and strategies.

Independence assumption

Harvesting assumption

Intervention Per-capita loss of Incremental gain Value of LYs Per-capita loss of Incremental gain Value of LYs
LYs vs. no in LYs vs. no gained (€) LYs vs. no in LYs vs. no gained (€)
pandemic intervention pandemic intervention

‘Flattening the curve’

Successful shutdown 0.327 0.033 3323 0.307 0.039 3917

ICU capacity exceeded by 50 % 0.339 0.020 2072 0.322 0.024 2410

ICU capacity exceeded by 100 % 0.350 0.010 976 0.335 0.011 1123

ICU capacity exceeded by 200 % 0.356 0.003 313 0.342 0.004 363

ICU capacity exceeded by 300 % 0.359 0.001 77 0.345 0.001 89

No intervention 0.359 0 0 0.346 0 0

‘Squashing the curve’

Successful shutdown 0 0.359 36,477 0 0.346 35,113

LY =life year, ICU = intensive care unit.

time of herd immunity through natural infection (versus no inter-
vention). Multiplying the per-capita gain by the population size
results in 3.0 million life years being gained in the German popula-
tion. At the same time, 1.5 million lives are being saved (calculated
by multiplying the difference in CFR compared to no intervention
with the population size and the herd protection threshold). These
estimates are subject to nonnegligible uncertainty, however. As
shown in the sensitivity analysis (see Fig. 1), a higher CFR in the ICU
reduces the health benefits by approximately 80 %. The health ben-
efits of a shutdown also diminish when ICU capacity is exceeded.
As shown in Table 2, if the shutdown does not turn out to be suc-
cessful, exceeding ICU capacity by 50 % could reduce the gain in life
years by approximately one third.

Nevertheless, at the time of herd immunity, even a shutdown
that is successful in ‘flattening the curve’ is expected to yield a loss
of 0.33 life years per capita compared to the situation before the
pandemic. The average number of life years per avoided deathis 7.7,
which is lower than the average remaining life expectancy in the
German population before the pandemic (38.8 years), reflecting the
high age of COVID-19 deaths. Based on the harvesting assumption,
the average number of life years per avoided death is slightly lower
(7.2 years) because the population that dies is assumed to be sicker.
On a statistical note, the number of life years per avoided death is
equivalent to the change in life years gained by a 1% change in the
CFR.

For a newborn, the loss in life expectancy amounts to 0.15 and
0.17 for men and women, respectively. The gain in life years of
‘squashing the curve’ versus no intervention amounts to 0.36 (0.033
+0.33) life years per capita. By far, the largest driver of this gain is
the CFR through the prevalence of undiagnosed cases (see Fig. 2).
A similar size decrease is predicted in a scenario where a vaccine
is approved at a time when ‘flattening’ or ‘squashing the curve’ has
prevented 31 % of the population from getting infected.

4.2. Monetary value

The economic value of a shutdown that is successful in ‘flat-
tening the curve’, based on a per-capita gain of 0.033 life years, is
approximately €3323 per capita (see Table 2) or, extrapolated to
the total population, 8% of Germany’s GDP in 2019. Using lower and
higher estimates based on the sensitivity analysis, the economic
value ranges between 1% and 12 % of the GDP. The economic value
of ‘squashing the curve’ even amounts to 88 % of the GDP. It is highly
sensitivity to changes in the CFR, however: a CFR of 0.36 % (Streeck
etal.,2020) reduces the economic value to 19 % (based on per capita
gain of 0.08 life years).

4.3. Internal validity

The product of the probabilities of ICU admission and death can-
not exceed the CFR in the general population. In fact, given that a
portion of deaths occur outside the ICU even with sufficient ICU
capacity (e.g., in nursing homes), the product needs to be smaller.
This was confirmed (1.6 % < 4.2 %).

Furthermore, 1 performed a back-of-the-envelope calculation
to verify the health benefits of a shutdown that is successful in
‘squashing the curve’ versus one that is successful in ‘flattening
the curve’. Multiplying the average remaining life expectancy in
Germany at age 81 (the average age of death) with the CFR under
‘flattening the curve’ and the herd protection threshold yields a
number very close to that calculated by the model (0.35 life years
versus 0.33 life years).

4.4. External validity

Dividing the number of life years gained by the number of
lives saved under ‘flattening the curve’ yields the expected remain-
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Population CFR

Herd protection threshold

% cases on the ICU

% false positive ICU admissions

0.00 0.10

0.20 0.30 0.40 0.50

Life-years saved per capita

ICU = intensive care unit, CFR = case fatality rate

Fig. 2. Tornado diagram demonstrating the results of the one-way sensitivity analysis for a shutdown that is successful in ‘squashing the curve’ versus no intervention.
Variables are ordered by impact on the number of life years gained per capita. Numbers indicate upper and lower bounds. ICU = intensive care unit, CFR = case fatality rate.

ing life expectancy of a COVID-19 patient admitted to the ICU
(2.1 life years). This number was confirmed by observational data
from a long-term follow-up study on patients at age 80 and above
admitted to an ICU in Norway between 2000 and 2012 (Andersen,
Flaatten, Klepstad, Romild, & Kvale, 2015). In this study, mortality
in the ICU and one year after discharge were 24 % and 58 %, respec-
tively, thus matching well the data informing our model (25 %
and 55 %, respectively). Remaining life expectancy of patients alive
at one year after ICU discharge was 5.1 years. When considering
the one-year mortality in this study, expected life expectancy of a
patientadmitted to the ICU is also calculated to be 2.1 life years, thus
strengthening the validity of our model. A growing life expectancy
since the time of conduct of this study can still be accounted for by
the harvesting assumption applied in our model, which suggests an
expected life expectancy of 2.4 years. Supporting this comparison
between simulated and real-world data is the fact that the study
by Andersen et al. (2015) was not included in the meta-analysis
by Damuth et al. (2015), which informs our model’s post-discharge
mortality.

5. Discussion

This study uses a life-table model to estimate the impact of
a shutdown on lives saved and life years gained in Germany.
Although the SARS-CoV-2 pandemic is presumed to be a one-time
event, the loss of life years with insufficient ICU capacity is tremen-
dous, yielding a commensurate health gain by a shutdown that is
successful in ‘flattening the curve’.

Nevertheless, if herd immunity is achieved through natu-
ral infection despite ‘flattening the curve’, the loss of life years
expressed in terms of the life expectancy of a newborn falls in the
range of the annual gain in life expectancy in Germany over the past
decade (Federal Office of Statistics 2019a, 2019b). In other words, at
the time of herd immunity, the current pandemic will have wiped
out the gain in life expectancy obtained from health care and public
health interventions in the 12 months preceding the pandemic.

The relatively small loss in life years obtained by assuming that
individuals who die from COVID-19 are generally sicker, was indi-
rectly confirmed in another modeling study based on global data
(Hanlon, Chadwick, & Shah, 2020). This study showed that explicitly
accounting for the various comorbidities associated with COVID-19
“did not drastically impact” the years of life lost due to death from
COVID-19.

In addition to comparing the cases of a successful shutdown
and no intervention, which forms the base case for the calculation
of the maximum monetary value, [ analyzed different scenarios
with ICU capacity being exceeded to varying degrees. The likeli-
hood of these scenarios depends on the spread of SARS-CoV-2 if

the shutdown is not completely effective. Data from 2010/11 indi-
cate that Germany has the highest number of intensive care plus
immediate care unit beds on a per-capita basis in Europe (Rhodes
et al, 2012). Germany'’s leading position in terms of the number
of ICU beds was recently confirmed in a report by the Organisa-
tion for Economic Co-operation and Development (Organisation
for Economic Co-operation & Development, 2020a,2020b). ICU
capacity will be exceeded, however, when the daily incidence of
COVID-19 cases surpasses approximately 16,000 (Zentralinstitut
fiir die kassendrztliche Versorgung in Deutschland, 2020) (the
incidence would be higher when accounting for the number of
undetected COVID-19 cases).

As a word of caution, given the time constraints and the ongo-
ing inflow of new information on the SARS-CoV-2 pandemic while
conducting the study and writing this manuscript, which made it
pertinent to continuously update the projections, this modeling
study has several caveats as discussed below. Given the clear direc-
tion of its results, however, it could still provide important guidance
for policymakers, which is outlined further below.

First, there are reasons why the base case overestimates the
projected health benefits of a shutdown and the corresponding
monetary value. Some of these reasons were already described in
the sensitivity analysis and include an overestimate of CFR due to
a large number of undetected cases. In addition, the study does
not consider the deaths and loss of health-related quality of life
associated with the shutdown and social distancing, e.g., due to
depressive or anxiety disorders, suicides, unemployment, domes-
tic violence, and fewer emergency and physician visits for unrelated
medical conditions. Nevertheless, official data on excess mortality
in Germany (Federal Office of Statistics 2020a, 2020b, 2020c) show
that both excess mortality and COVID-19 mortality peaked in the
first half of April, thus indicating that excess mortality was driven
by COVID-19 and not by other causes.

Furthermore, when ‘flattening the curve’ ICU survivors may suf-
fer from a loss of quality of life (Needham et al., 2013). Moreover,
unaffected individuals may experience a loss of personal freedom
(Abele-Brehm et al., 2020) and autonomy. Finally, if rationing deci-
sions in the ICU disfavor patients with less prospect of survival, the
health benefits of a shutdown that is successful in ‘flattening’ or
‘squashing the curve’ are reduced (cf. Riihli, 2020).

On the other hand, there are reasons to believe that the eco-
nomic value may be underestimated. First, decreased economic
activity can save lives, among other reasons, because it reduces air
pollution, traffic accidents (Science Magazine, 2020), and accidents
on construction sites (Deaton, 2020). Second, social distancing may
reduce non—COVID-19 flu deaths. Third, reducing the number of
deaths prevents grief among caregivers. Forth, COVID-19 contain-
ment measures including the shutdown may provide a feeling of
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security and trust in the government. Fifth, ‘squashing the curve’
might prevent direct (non-)medical costs and indirect costs associ-
ated with nonfatal COVID-19 cases. And sixth, the estimate on the
one-year mortality of ICU survivors (Damuth et al., 2015) applied
in this study represents an overestimate as it includes deaths from
diseases unrelated to mechanical ventilation. Furthermore, some
ICU survivors who died after discharge are already included in the
official COVID-19 casualties. On the other hand, a potential mortal-
ity increase beyond the first year of ICU survival was not modelled.
Some of the biases listed in this and the previous paragraph may
cancel each other out.

Additional limitations apply to the estimate of the economic
value of a life year borrowed from new, innovative cancer drugs.
On the one hand, the estimate is too low because the costs of drug-
related adverse events and drug-related services are ignored and
the costs of cancer treatment are limited to a period of one year.
That s, do not account for the fact that some cancers have a chronic
course, thus mandating treatment for more than one year. On the
other hand, the estimate is too high because the survival benefit
is underestimated because it is confined to the trial period, which
typically may not be longer than a year. Again, some of the biases
may cancel out.

Furthermore, it may be argued that treatments for conditions
more closely related to COVID-19 would provide a more accurate
estimate for the economic value. This may include treatments for
other viral diseases such as SARS-CoV-1, influenza, or Ebola. Even
greater similarity could be obtained by restricting conditions to
those that have a similar route of transmission (airborne droplets),
CFR, and basic reproduction number (it may reflect a sense of
urgency). Nevertheless, the search for a better match may not turn
out to be successful. It may also be hampered by the fact that an
ideal economic valuation of ‘flattening’ or ‘squashing’ the curve
would reflect recently set value-based prices and not the prices
of drugs that were launched, for example, more than a decade ago.
Using the prices of new, innovative cancer medications as a bench-
mark also provides an opportunity to check the appropriateness
of current cancer prices themselves. If the economic value of ‘flat-
tening’ or ‘squashing’ the curve as determined in this study were
considered to be low, then to be consistent, the prices of new can-
cer drugs would equally deserve a price premium. This implication,
however, is contradictory to the present situation, as the pressure
to save on health care costs will increase as a consequence of the
coronavirus crisis.

The metric of health benefits used in this study, which is the
number of life years, may be criticized on ethical grounds. Yet,
Emanuel et al. (2020) suggest that “[p]riority for limited resources
should aim both at saving the most lives and at maximizing
improvements in individuals’ post-treatment length of life [. . .] Itis
consistent both with utilitarian ethical perspectives that emphasize
population outcomes and with nonutilitarian views that emphasize
the paramount value of each human life”. Furthermore, the number
of life years as an outcome measure may be criticized for lacking
a consideration of health-related quality of life. Quality-adjusted
life years (QALYs) are able to capture an additional health bene-
fit resulting from the avoidance of non-fatal COVID-19 cases and
the associated loss in quality of life under ‘squashing the curve’. On
the other hand, QALYs diminish the health benefits obtained from
additional survival time by accounting for a quality-of-life decre-
ment. As the QALY metric thus discriminates against the elderly and
the disabled, it has been considered ethically controversial (Ubel,
Richardson, & Prades, 1999). In the model this caveat applies in par-
ticular to ‘flattening the curve’, i.e., when saving patients in the ICU.
For these patients there also exists a methodological concern with
regard to QALYs when their quality of life is reduced to a degree
that they do not want to go on living. This so-called maximum
endurable time invalidates the QALY metric (Stalmeier, Chapman,
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de Boer, & van Lanschot, 2001) (as a word of caution, the presence
of a maximum endurable time would also question the appropri-
ateness of using life years gained or even lives saved as measures
of health benefit but rather for ethical than for methodological
reasons). For these reasons, QALYs have not been used so far in
Germany for the purpose of reimbursing and pricing new, inno-
vative medicines (cf. (Institut fiir Qualitat und Wirtschaftlichkeit
im Gesundheitswesen, 2017)). As another counterpoint, the public
debate on COVID-19 in Germany has mainly focused on mortality
as an endpoint and the number of life years lost by the elderly who
die from COVID-19. In sum, there is not a straightforward answer
to the question of which outcome measure best reflects the value
of a successful shutdown. Life years gained may serve as a com-
promise between the use of unweighted lives saved and QALYs
gained.

Given the unprecedented economic value as a share of GDP
estimated in this study, the coronavirus crisis also leads to new
challenges for economic evaluations in health care and public
health. Perhaps the most similar dilemma has arisen surrounding
one-off treatments (cures) for genetic disorders. One-off payments
for these therapies similarly raise affordability issues even in view
of acceptable cost-effectiveness ratios (Towse & Fenwick, 2019).
Nevertheless, the magnitude of payments required for the COVID-
19 shutdown is unparalleled. Hence, while the debate around
one-off treatments appears structurally similar, it anticipates only
a little of what we are facing.

Even with an acceptable cost-effectiveness ratio of the shut-
down, one-time expenditures (corresponding to the economic
value of a successful shutdown) would lead to a considerable
drop in GDP. In fact, without government intervention, this dip
could have major ramifications for financing health care. Con-
sidering the maximum economic value of ‘flattening the curve’,
a 8% drop in GDP would result in a 9% increase in the portion
of total income spent on health care to fund the same type of
health care basket (this increase explicitly does not refer to the
increase in the contribution rate for SHI, which may be lower than
9%). As the basket does not cover COVID-19, the rise in spend-
ing must be viewed independently of the SARS-CoV-2 pandemic
and not as an indirect way of supporting the shutdown. If the
rise were not acceptable, underfunding of the health care system
would result in order to keep spending within an acceptable range.
Obviously, this problem is increased in the case of ‘squashing the
curve’.

Hence, there seems to be a tipping point where a drop in income
necessitates saving on health expenditures. Defining this tipping
point may be starting point for a discussion about the level of GDP
decrease that may result in underfunding of the health care system.
Of note, mobilizing additional resources for the health care sector
through tax financing, national debt, or other means merely shifts
the problem of underfunding to employers, other public sectors, or
future generations. As a consequence of underfunding, there could
be a commensurate loss of lives due to other diseases, thus leading
to a zero-sum game.

For data collection in the forthcoming months of the crisis, poli-
cymakers should pay particular attention to mortality data and the
prevalence of undetected cases, as the clinical and economic values
forecasted in this study were shown to be particularly sensitive to
these data.
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